The effects of temperature on spontaneous action potential activity in the 7-9 somite embryonic precontractile chick hearts were investigated using an optical method for monitoring membrane potential. A potential-sensitive merocyanine-rhodanine dye was used as an optical probe.
Measuring potential-sensitive dye-related absorption signals in the 7-9 somite embryonic prebeating chick hearts in which microelectrodes are not applicable because of small cell size, we have already demonstrated the occurrence of spontaneous action potential, development of pacemaking activity and cardiac rhythm generation (HIROTA et al.,1979 FUJII et al.,1980,198la, b, c; KAMINO et al., 1981) .
Throughout those works, we have noted that the spontaneous action potentials in early embryonic hearts are very sensitive to thermal perturbation. Thus, the following question was subsequently raised: in what manner are "excitability," "spontaneity" , and/or "rhythmicity" of early embryonic hearts dependent on temperature? A knowledge of the temperature dependent properties of the spon-taneous action potential would provide a clue to analyse the subcellular and/or molecular mechanism(s) of spontaneous rhythmical activity in the early phases of cardiogenesis.
The present paper describes the effects of temperature on the electrical activity in the 7-9 somite embryonic hearts monitored optically with a potential sensitive dye. We also demonstrated the effect of temperature on electrical coupling among the heart cells and on conduction velocity of the action potential, by means of simultaneous optical recording of the action potentials from eight different regions of the embryonic heart. Some of the results reported here have appeared in a preliminary report (HIROTA et al., 1981 a) .
METHODS
The materials and the experimental optical methods used in this study were quite similar to those described in the previous papers (FUJII et a!.,1980 (FUJII et a!., ,1981 . Early embryonic chick (white Leghorn) heart, at the 7-9 somite stages of development, corresponding to 25-35 hr of incubation, were stained with a merocyanine-rhodanine dye (NK 2761; KAMINO et al., 1981; FUJII et al., 1981c) , at 0.05-0.1 mg/ml in the bathing solution for 15 min. The composition of this standard bathing solution (mM) was; NaCI 138; KC15.4; CaCl2 1.8; MgC12 0.5; and TrisHCl buffer (pH 7.2) 10. The dye, NK 2761, was purchased from Nippon-KankohShikiso Kenkyusho (Okayama, Japan). For recording of spontaneous action potentials from eight different portions of an embryonic chick heart, eight lightguides were used to carry the light from the images of eight different regions of the preparation to individual photodiodes (Bell & Howell, Type 509-10, Bridgeport, Conn., U. S. A.). The light source was a tungsten halogen lamp powered by a regulated DC supply Kikusui Electronics Corp., Tokyo, Japan) ; the incident light was usually passed through a 700+11 nm interference filter (Type 1F-S, Vacuum Optics Corporation of Japan, Tokyo, Japan). The tips of the light-guides had diameters of 4.0 mm and were positioned over different areas of the x 66 magnified real image of an embryonic chick heart. The optical signals were displayed simultaneously on a Tektronix 5113 Dual Beam Storage Oscilloscope (Beaverton, Oregon, U. S. A.). An Elcaset-Data-Recorder (FE-3000 Series, Sony, Tokyo, Japan) was also used as required. Signal averaging was not used. In most experiments, the oscilloscope was set to give a coupling time constant of 1.5 sec. For the experiments illustrated in Fig. 1 the oscilloscope was also AC-coupled (time constant of 600 msec); in Fig. 4 (3 sec); and Fig. 7 optical measurements. This thermo-regulator was built according to our specifications by the Nippon Blower Company, Tokyo, Japan. The apparatus is a sandwich-like construction with a thermo-electric module interposed between the heat exchanger and the stage. This thermo-electric module was powered by a DC-power supply (GPT 322, Takasago Power Supply, Kawasaki, Japan). On the principle of Peltier effect, heat flow between the heat exchanger and the thermoelectric module could be changed by the regulating DC-current. In this manner it was possible to maintain the stage temperature constant, with an error of less than 0.2°C. Temperature was changed at a rate of about 5.0°C/min. Water flowed continuously through the heat exchanger. The stage was constructed of a thermostatic black aluminum board with a thickness of 3 mm with woolen cloth glued to the base. Heat flow from the stage of the thermo-regulater to the stage of the microscope was blocked by a plastic insulator. A chamber enclosing the preparation was placed directly on the stage of thermo-regulator. The temperature was measured by setting a thermopile connected to a digital thermometer (digital 377, Philips, Netherlands) adjacent to the preparation. The temperature coefficient (Q10) was calculated in order to characterize the temperature dependence of an experimental parameter X;
Xl is the value at the lower absolute temperature Ti, X2 is the value at the higher absolute temperature T2.
RESULTS

Spontaneous frequency
Initial experiments were carried out to examine the relation between the temperature and the frequency of spontaneous action potentials in early embryonic prebeating hearts. The effect of temperature on the spontaneous action potentials is illustrated by the original records shown in Fig, 1 . Here, trains of spontaneous optical (absorption) signals were obtained at various temperatures from 7-9 somite embryonic chick hearts stained with a merocyanine-rhodanine dye (NK 2761; FuJii et al., 1981c) . These signals were detected from the cono-ventricular region at a wavelength of 700 nm. The signals closely resembled spontaneous action potentials; they were absent at a wavelength of 620 nm or when illumination was with white light. In this connection, the primitive tubular heart of chick embryos begins contracting spontaneously at the middle period of the 9 somite stage of development; the contraction can be detected optically at a wavelength of 620 nm or illumination with white light (Full et al., 1980) .
As reported in a previous paper (Fujli et al., 1981b) , the rhythmic occurrence of action potentials is relatively slow at the 7 somite stage and the spontaneous frequency increases gradually with development from the 7 to the 9 somite stage. The A. HIROTA, S. FUJII, T. SAKAI, and K. KAMINO same results can also be observed in Fig. 1 . As shown in Fig. 1 , in each preparation at the 7-9 somite stages of development, the frequency of spontaneous action potentials was strongly affected by changes in temperature. The hearts at the 7 somite stage were the least resistant to lowering of the temperature. In the 7 somite embryonic hearts, the spontaneous action potentials disappeared with temperatures below about 30°C, while in the 9 somite embryonic hearts, the action potentials were often detected at 15°C.
In Fig. 2 are plotted the frequencies of spontaneous action potentials in 7-10 somite embryonic hearts, as functions of the temperature. This figure shows again that the frequency of the spontaneous action potentials decreased strikingly as the temperature was lowered. Similarly, the heart rate increased when the temperature was elevated to 39°C. In addition, the frequency was related in a smooth exponential fashion to temperature. The Quo showed a tendency to decrease as development proceeded from 7 to 9 somite stage (Table 1) .
For a detailed description of the effects of temperature on spontaneous rhythmicity, the time-intervals of optical signals were measured at various temperatures. Figure 3 illustrates the time-interval histograms of the optical action signals obtained at various temperatures from the cono-ventricular region, in prebeating embryonic hearts, at the later period of 8 somite or the early period of 9 somite stage of development. The figure shows clearly the temperature dependence of the frequency and rhythmicity of the spontaneous action potentials. As can be seen Fig, 1 . Spontaneous optical action signals in a 7, an 8, or a 9 somite embryonic heart stained with a merocyanine-rhodanine dye (NK 2761) at various temperatures.
Traces were obtained with a 700+11 nm interference filter from the cono-ventricular portion of the preparations.
The oscilloscope was AC-coupled (v =600 msec). The direction of the arrows to the right of the optical traces indicates a decrease in transmitted intensity and the length of the arrow represents the stated value of the change in transmittance divided by the resting transmittance intensity. The fractional absorption change (4A/Ar) is related to the fractional change in transmitted intensity, change in transmission/resting transmission (=41/4) (Ross et al., 1977) . from the histograms in Fig. 3 , when the heart was cooled, both the mean timeinterval and the standard deviation increased.
As the temperature continued to decline, the rhythm was distorted; arrhythmic action signals were often observed.
Pacemaker potential In adult hearts, the rate of depolarization during the pacemaker potential is highly temperature-dependent (CORABOEUF and WEIDMANN, 1954; MARSHALL, 1957; YAMAGISHI and SANG, 1967) . Accordingly, it would be expected that the pacemaker potentials depend also on temperature in the early embryonic hearts. Figure 4 shows pacemaker type signals recorded at 37.2 and 33.9°C from the left pre-atrium region, corresponding to the pacemaker area (KAMINO et al., 1981) , of a 9 somite embryonic prebeating heart. In this preparation, it was typically demonstrated that when the temperature was lowered, the increase in the timeintervals between spontaneous action potentials resulted from a decrease in the slope of the slow diastolic depolarization during phase 4. Unfortunately, using our optical method, it is impossible to measure the absolute value of the membrane potential (CoHEN and SALZBERG, 1978) . However, the amplitude seemed to be constant over the range from about 37 to 30°C, and the maximal diastolic potential did not change. Relative threshold potential was lowered to TP2 from TPl (i. e., becoming less negative) with cooling to 33.9 from 37.2°C. While CoRABOEUF and WEIDMANN (1954) reported that a fall in temperature had no appreciable effect on the threshold potential for spontaneous firing in the adult dog Purkinje fibers. Thus, it is suggested that the threshold potential in very early embryonic hearts is more unstable than in adult hearts under the small thermal perturbation. It was difficult to detect the effects of temperature on the slow diastolic depolarization in the preparations from the 7 somite stage to the early period of 8 somite stage of development, because of the poor development of the slow diastolic depolarization phase .
Duration and initial slope Figure 5 demonstrates typical recordings of optical signals resembling the cardiac action potential in the cono-ventricular region of a 9 somite embryonic heart, at various temperatures. As can be seen in this figure, the initial rapid upstroke (phase 0) and the phase of initial rapid repolarization (phase 1) that would result from the fast Na-current were not detected, while the plateau (phase 2) and the terminal phase of rapid repolarization (phase 3) were well marked in the signals at each temperature (compare with the signal in APPENDIX). These signals probably represent the Ca-dependent action potential .
As shown in Fig. 5 , the most obvious effect of cooling on the cono-ventricular signals was the remarkable increase of duration of the action potential, without a marked change in the signal size. The changes in the duration of the action signal resulted primarily from a decrease in the slope of phases 2 and 3.
The duration of the cardiac type action signals detected from the cono-ven- The traces were detected from the right conoventricle of a 9 somite embryonic heart stained with NK 2761 at a wavelength of 700 nm. In this figure, a gradual decrease in the rate of rise can also be seen.
In all traces in this figure, phases 2 and 3 can be identified. tricular region in an 8 or a 9 somite embryonic heart is plotted as a function of temperature, in Fig. 6A . As shown in this figure, the duration was also an exponential function of temperature; the duration showed a relatively small change in the range from 37 to 28°C, while below 25°C, the duration showed a marked prolongation. The Ql° of the duration were determined, and serious differences were not observed in the Q1° among the preparations at the 7-9 somite stages of development. Vol. 33, No. 1, 1983 Fig. 6. A : plots of the duration of spontaneous action signals as functions of temperature.
Abscissa: temperature (°C). Data were obtained from the right cono-ventricular region in an 8 (o) or two 9 (0, •) somite embryonic hearts stained with NK 2761 and at a wavelength of 700 nm. Temperature was gradually lowered starting at 37°C. In general the total duration of the action potentials was difficult to determine because of the very gradual slope of the terminal part of phase 3. For this reason, according to HoFFMAN and CRANEFIELD (1976), we measured duration to some point on phase 3 such as that representing 80% restoration of the full resting level. B : plots of the rate of rise of spontaneous optical action signals as functions of temperature. Abscissa : temperature (°C). Data were obtained from the right cono-ventricular region in the embryonic precontractile hearts at the middle period of the 8 somite stage or the early period of the 9 somite stage of development. The preparations were stained with NK 2761, and a 700+ 11 nm interference filter was used. The maximum rate of rise is represented as the rate of change in fractional transmitted intensity (1=4111r) per second. The temperature was lowered gradually starting at 37.0°C
In the pacemaker type action signals detected from the atrial level, the duration of the action potential did not change significantly until about 30°C (see Fig. 4 ), but further cooling prolonged somewhat the action potential.
The initial slope (the rate of rise) of the signal was measured at various tem-
peratures. An example can be seen in the original records in Fig. 5 . The rate of rise of the signal decreased significantly when the temperature was lowered. The rate of rise of the signals in an 8 and a 9 somite embryonic prebeating heart is plotted as a function of temperature in Fig. 6B . In these plots, it is more obvious that the rate of rise decreased at lower temperature. In the changes in the rate of rise also, there was no significant difference in the Q1° values throughout the 7-9 somite stages of development. Qi° values for frequency, duration, the rate of rise and conduction velocity in the 7-9 somite embryonic hearts are summarized in Table 1 . Figure 7 demonstrates simultaneous recordings of spontaneous action signals at various temperatures from eight different regions in a 9 somite embryonic prebeating heart. The circles overlaid on the drawing of the embryonic heart (ventral view), made by tracing a photograph, are drawn to scale, indicating the size and relative positions of the light-guides. As can be seen here, there was widespread synchrony of the action potential; this synchrony was still present when the temperature was lowered. The same results were obtained in the 7 or 8 somite Fig. 7 . Simultaneous recording of spontaneous optical action signals from eight different portions of a 9 somite embryonic precontractile heart at various temperatures. For the simultaneous recording, eight light-guides were used to convey the light from the images of eight different regions of the preparation to individual photodiodes (see Fujii et al., 1981c) . Light-guides 1 and 5 were positioned over the image of the pre-atrial region; others were positioned over the image of the cono-ventricular region. Circles drawn over the picture (ventral view) of the heart indicate the relative size and the relative positions of the field of optical recording.
Synchronization and conduction velocity
Traces were obtained with a 700±11 nm interference filter in a single sweep. For the experiments illustrated in this figure, the oscilloscope input was AC-coupled (time constant of 100 msec). For this reason, the signals were somewhat modified. embryonic hearts. Thus, it is evident that the electrical coupling among the cells is resistant to cooling in the embryonic prebeating hearts during the 7-9 somite stages of development. The synchronization was also maintained when the temperature was elevated to 40°C.
In order to examine the effects of temperature on the conduction velocity, several light-guides were positioned close together in a series over the image of the left area of the embryonic heart. An example obtained from a 9 somite prebeating heart is seen in Fig. 8A . The short delay between optical signals recorded at a higher sweep speed reflects the propagation time of the action potentials (Fujii Vol. 33, No. 1, 1983 et al. , 1981c) . As shown in Fig. 8A , the velocity of propagation decreased when the temperature was lowered.
In Fig. 8B , the delay in initiation of the action signals is plotted as a function of the distance from a reference position (indicated by 1 in Fig. 8A ), corresponding to the pacemaking area in which the action signal first occurred. The data were obtained from the experiment demonstrated in Fig. 8A . The pacemaking area was regarded as the origin for the timing of the spread of excitation. The delay in the signals recorded from six different positions was linearly related to the distance from the pacemaking area, at each temperature. This result shows that the excitation spreads out radially over one side of the cono-ventricular region from the pacemaking area at a uniform rate, and that this property is basically maintained at lower temperatures.
Furthermore, as can be seen in Fig. 8B , the conduction velocity was markedly affected by lowering the temperature; it was estimated in this case to be about 1.4 mm/sec at 36.9°C, and 0.7 mm/sec at 24.2°C. Usually, the conduction velocity was slower in the 7 somite embryonic heart, and it increased as development proceeded from the 7 to 9 somite stage just before the initiation of heartbeat (Fujii, Hirota, Kamino, and Sakai: unpublished results) . However, the Q,, value was relatively small, and the averaged values were inclined to decrease as development proceeded from the 7 to the 9 somite stage.
DISCUSSION
The experiments described in this paper were mainly concerned with the effects of temperature on spontaneous action potential activities in the 7-9 somite embryonic precontractile chick hearts. Since an optical method was used, we were concerned about effects of changes in temperature on photometric properties of the dyes, for example, absorption spectra and photo-bleaching of the dye bound to surface plasma membrane. However, based on the results that the absorption spectra, DC-background intensity and the bleaching time were not altered by changes in the temperature, these possibilities can be ruled out. In addition, photodynamic damage and/or pharmacological toxicity were not serious. Thus, an optical method for monitoring action potentials can be used to advantage to study the functional properties of early embryonic heart cells under thermal perturbations.
The results demonstrated in Figs. 1 and 2 show clearly that the frequency and rhythmicity of spontaneous action potentials in the 7-9 somite embryonic precontractile hearts are highly dependent on temperature. As shown in a previous paper , the frequency of spontaneous action potentials generated at the 7 somite stage of development increases gradually with development up to the 9 somite stage, just before the initiation of heartbeat, and an increase in the frequency is accompanied by the development of the diastolic depolarization phase.
In other words, the frequency of spontaneous action potentials in embryonic precontractile hearts is determined by the rate of the diastolic depolarization. Therefore, it seems reasonable to assume that the slow diastolic depolarization in early embryonic heart is affected by changes in the temperature.
As would be expected, it is reasonably well established by the recordings illustrated in Fig. 4 that the slowing of the rate of diastolic depolarization by lowering the temperature leads to a decrease in the frequency of spontaneous action potentials in the early embryonic precontractile heart. This behavior is similar to that in the adult rabbit Purkinje fiber noted by CoRABOEUF and WEIDMANN (1954) and in the rabbit atria (MARSHALL, 1957) . Thus, this suggests that temperaturesensitive structures which would essentially determine the rate of diastolic deporalization have already been formed during the early phases of cardiogenesis. Supplementally, in Fig. 4 , the Q'° value for the rate of diastolic depolarization was estimated to be about 5.8, which is very close to the figure of 6.2 given by CORABOEUF and WEIDMANN (1954) for spontaneously beating rabbit Purkinje fibers.
"Rhythmicity" also is generated at the 7 somite stage of development . The rhythmicity in the embryonic prebeating heart is easily disturbed by lowering the temperature (Fig. 3) . This event suggests that the dissipative structure would be related to the subcellular and/or molecular mechanism(s) of generation of the rhythmicity in the early phases of cardiogenesis. When the temperature was lowered further, the spontaneous action potential disappeared leaving only the relative constant amplitude. This suggests that the pacemaker potential is more sensitive to temperature than action potential, and that the sensitivity to cooling is high at the time of onset of spontaneous action potential activity. The Ql° value for the frequency suggests also that the sensitivity to changes in temperature is the highest in the 7 somite heart.
In the embryonic prebeating heart from the later period of the 8 somite stage to the early period of 9 somite stage of development, two different types of the spontaneous action signals can generally be recorded; one is a cardiac type action signal and the other a pacemaker type action signal . As indicated above, the cardiac type signal recorded from the cono-ventricular region lacks the initial rapid upstroke and early rapid repolarization phases, corresponding to phases 0 and 1 detected typically in adult heart (see APPENDIX), while phases 2 and 3 are marked (Fig. 5) . This may be related to the observation that the action potential in the early embryonic heart is characterized as a Ca-dependent action potential . HOFFMAN (1956) reported that the most obvious effect of cooling on the ventricular action potential in the adult dog heart is a marked increase in the duration of phase 2 without a marked change in the resting potential. Similarly, in the early embryonic prebeating chick heart, the duration of the plateau phase (phase 2) is markedly increased as the temperature was lowered. In the experiment illustrated in Fig. 5 , there is a slight increase in the duration of phase 3.
One question that arises from our results is which primary processes are responsible for the prolongation of the duration of the optical action signals. In a multicellular tissue such as the heart, or a salivary gland, a single photodetector records signals from several or many cells that are electrically coupled (MORAD and SALAMA, 1979; SENSEMAN and SALZBERG, 1980; FUJII et al., 1981a; SALZBERG et al., 1981) . Thus, there are two possible explanations for the prolongation of the duration of the optical action signals; one is an alteration of the slow Ca-current and the other is a decrease in the propagation velocity of the excitation in the field of the optical recording by a single photo-detector. From simple computations, however, it seems likely that contribution of the spreading time of excitation is negligibly small, and that, in particular, the prolongation of phase 2 results from an alteration in the slow Ca-current. In a general formulation, the Ca-current is a function of temperature (HAGIWARA and BYERLY,1981) .
In the 7-8 somite embryonic precontractile hearts, the myocardial cells are electrically coupled (FUJII et al., 1981c) , and excitation which occurred first on the left (or sometimes right) atrium level, corresponding to the pacemaking area (KAMINO et al., 1981) , spreads out radially to the entire area of the heart at a uniform rate . From the simultaneous recording of the action signals from eight sites in the heart at various temperatures (Fig. 7) , it is evident that the electrical coupling among the cells is not disturbed by lowering the temperature, suggesting that structures (perhaps gap junctions) which mediate the functional intercellular interaction are relatively insensitive to low temperature.
On the other hand, it is not surprising that the conduction velocity is dependent on temperature. YAMAGISHI and SANO (1967) have reported the effect of temperature on conduction velocity in the sinus nodal area and on the atrium of the adult rabbit heart. In their experiment, the conduction velocity in the atrium increased with temperature increases up to 36°C; beyond this temperature it declined while the velocity in the sinus nodal area increased with temperature, even up to a temperature of 40°C. In addition, from their data, the Ql° of the conduction velocity in the atrium is estimated to be about 2.05, in both the sinus nodal region and the atrium. This value is larger than that in the embryonic heart. APPENDIX Configuration of optical action signal in adult frog atrium Figure 9 illustrates a simultaneous recording of an action potential (lower trace) and the absorption signal (upper trace) in an adult frog atrium stained with the merocyanine-rhodanine dye (NK 2761). Corresponding to the action potential obtained with a microelectrode, a phase of the initial rapid upstroke (phase 0), a phase of early rapid repolarization (phase 1), a prolonged phase of slow repolarization (phase 2), the terminal phase of rapid repolarization (phase 3), and phase 4 are identified in the absorption signals. Furthermore, at lower temperatures, 
